Aims/hypothesis Diabetes is known to increase mortality rate, but the degree to which mild hyperglycaemia may be associated with the risk of death is uncertain. We examined the association between HbA 1c measured in stored erythrocytes and mortality rate in women with and without diabetes. Methods We conducted a cohort study of 27,210 women ≥45 years old with no history of cardiovascular disease or cancer who participated in the Women's Health Study, a randomised trial of vitamin E and aspirin.
Introduction
Diabetes has long been recognised as a strong risk factor for mortality, particularly from cardiovascular causes [1] . While the diagnostic criteria for type 2 diabetes are based on a threshold in the risk of microvascular complications [2] , mounting evidence suggests that blood glucose in the high-normal or prediabetic range is associated with increased cardiovascular disease [3] [4] [5] [6] [7] [8] [9] and cancer [10] [11] [12] [13] [14] [15] , though results have not been consistent [16] [17] [18] [19] [20] [21] [22] . HbA 1c is commonly used to monitor glycaemic control among people with diabetes mellitus, but it may also be useful to assess exposure to glucose among those without diabetes because it is an integrated measure of glycaemia over the preceding several weeks and does not require a fasting blood sample. Widely accepted guidelines for diagnosis of diabetes based on HbA 1c have not been developed, but HbA 1c has been associated with an increased risk of mortality among people with and without diabetes in several epidemiological studies [5, 7, 23, 24] . It is not known whether there is a threshold in the relationship between HbA 1c and mortality rate, similar to the microvascular complications of hyperglycaemia [2] , or whether the association is linear across the range, similar to the cardiovascular effects [3] . We examined the association between HbA 1c measured in stored erythrocytes and mortality among 27,210 participants in the Women's Health Study after 10 years of follow-up, with attention to potential non-linearity.
Methods
Study participants The Women's Health Study was a 2×2 factorial, randomised, placebo-controlled trial of low-dose aspirin and vitamin E for the primary prevention of cardiovascular disease and cancer [25] [26] [27] . The study has been described in detail previously [22, 27, 28] . Briefly, 39,876 female health professionals aged 45 years and older were enrolled between November 1992 and July 1995. Eligible women had no history of cardiovascular disease or cancer (other than non-melanoma skin cancer) and either did not plan to become pregnant or were postmenopausal. Participants provided baseline information about demographic, behavioural and lifestyle factors, medical history including diagnosis of diabetes, height and weight.
Baseline screening tests for diabetes were not performed as part of the study so diabetes was potentially underdiagnosed. Because we were interested in the association of HbA 1c with mortality rate in women without diabetes, we initially classified apparently non-diabetic women by HbA 1c <5.60% or ≥5.60%, the 94th percentile of HbA 1c among Women's Health Study participants. This cut-off point was chosen a priori to distinguish women with potential undiagnosed diabetes based on the maximum sensitivity and specificity of HbA 1c as a screening test for diabetes in the Third National Health and Nutrition Survey (1988 ( -1994 . In that nationally representative sample, HbA 1c ≥5.60% had a sensitivity of 83.4% and a specificity of 84.4% as a screening test, compared with fasting blood glucose ≥7 mmol/l, the diagnostic criterion recommended by the American Diabetes Association [2, 29] . In our study of the 27,210 women who provided a usable blood sample and information on height and weight, 661 women reported a diagnosis of diabetes and 1,594 had HbA 1c ≥5.60%, including 1,024 with no self-reported diagnosis of diabetes. We classified women with HbA 1c <5.60% and no diagnosis of diabetes by quintiles of HbA 1c . We divided women with elevated HbA 1c and no diagnosis of diabetes into two groups: those with HbA 1c 5.60-5.99 and ≥6.00% (including individuals with probable undiagnosed diabetes). Clinical laboratories often consider HbA 1c ≥6.00% abnormal [30] , and this level of HbA 1c has high specificity as a screening test for diabetes [29] . We additionally classified women who reported a diagnosis of diabetes at baseline by HbA 1c <7.00 or ≥7.00%, based on recommended targets for glycaemic control in people with diabetes [31] .
The institutional review board of Brigham and Women's Hospital approved the Women's Health Study, and all participants provided written informed consent.
Blood collection and laboratory analysis Before beginning study medications, participants received a blood collection kit, which included collection tubes, a cooling pack and a completed courier air bill. Participants had their blood drawn and sent the samples to the laboratory by overnight courier. After processing, the samples were stored in liquid nitrogen until thawing for the analysis of HbA 1c (packed erythrocytes, turbidimetric immunoinhibition assay, day-today variability 3.6 and 3.8% at levels of 5.2 and 8.8%, respectively), HDL-cholesterol (enzymatic colorimetric assay, day-to-day variability 2.0 and 2.7% at concentrations of 0.91 and 1.42 mmol/l, respectively), LDL-cholesterol (direct assay, day-to-day variability 3.0, 2.3 and 2.2% at concentrations of 2.33, 2.75 and 3.34 mmol/l, respectively), triacylglycerol (enzymatic assay, day-to-day variability 1.8 and 1.7% at concentrations of 0.95 and 2.28 mmol/l, respectively) and high-sensitivity C-reactive protein (hsCRP; immunoturbidimetric assay, day-to-day variability of 2.8, Follow-up and ascertainment of mortality rate Participants were followed from study entry until death or 31 March 2004 with yearly mailed questionnaires regarding changes in health status. Family members or postal authorities reported most deaths. Other deaths were ascertained using the National Death Index. Follow-up records on mortality were 99.4% complete. If written consent was provided, physicians reviewed medical records to determine the cause of death. In addition to total mortality rate, we evaluated three composite causes of death: (1) cardiovascular deaths, including ischaemic heart disease, acute myocardial infarction, cerebrovascular death, sudden death and death due to other cardiovascular causes; (2) ischaemic deaths, including ischaemic heart disease, acute myocardial infarction and ischaemic stroke; and (3) cancer deaths, including cancer at any site.
Participants were asked in each questionnaire whether they had been diagnosed with diabetes during the previous year. More than 90% of self-reported diabetes cases were confirmed using American Diabetes Association criteria by a follow-up questionnaire or telephone call or contact with the participant's primary care physician [34] .
Statistical analysis We calculated age-standardised means or percentages of demographic, behavioural, lifestyle and biomarker values within each category of HbA 1c . Among women with HbA 1c <5.60%, we estimated the relative risk (RR) of mortality using Cox proportional hazard models adjusted for age at baseline (5 year categories), strenuous exercise (rarely/never, less than one time per week, one to three times per week, four or more times per week), postmenopausal hormone use (never, past, current), multivitamin use (never, past, current), cigarette smoking (never, past, current) and BMI (<21, 21-22.9, 23-24.9, 25-26.9, 27-28.9, 29-30.9, ≥31 kg/m 2 ), all self-reported. We constructed additional models further adjusted for blood lipids (quintile of triacylglycerol, HDL-cholesterol and LDL-cholesterol), self-reported history of hypertension (yes or no) and a biomarker of inflammation (quintile of hsCRP). We tested for linear trends by entering the median HbA 1c in each quintile as a predictor in the models.
Because vitamin E and aspirin, the trial interventions, may affect blood glucose [30, 35] , we examined whether the association between HbA 1c and mortality differed by randomised treatment. We tested the assumption of proportional hazards by entering the product of HbA 1c and the natural logarithm of time into the model. Because some chronic diseases may disrupt glucose metabolism, we performed a sensitivity analysis excluding deaths occurring in the first 2 years of follow-up. Additionally we examined whether censoring participants at the date of diagnosis of diabetes would affect the results. We calculated the RR of mortality for apparently healthy women with HbA 1c 5.60-5.99% and HbA 1c ≥6.00% and for women with a diagnosis of diabetes with HbA1c <7.00% and HbA 1c ≥7.00% at baseline using Cox proportional hazards models adjusted for age, lifestyle factors and biological correlates of HbA 1c as described above. The models included all 27,210 women; we used the lowest quintile among women with HbA 1c <5.60% as the reference group.
Modelling HbA 1c as a linear, continuous exposure assumes that a 1 unit increase is associated with the same risk increase across the range of HbA 1c values (i.e. an increase of HbA 1c from 4.50 to 5.50% is associated with the same RR as an increase from 6.00 to 7.00%). This assumption may not be accurate. We therefore examined the possibility of non-linearity in the relationship between HbA 1c and mortality using penalised cubic splines [36, 37] . Penalised splines allow the relationship between exposure and outcome to vary by levels of the exposure (i.e. the RR associated with an increase of HbA 1c from 4.50 to 5.50% does not have to be equal to the RR associated with an increase from 6.00 to 7.00%). This is accomplished by dividing the exposure into several categories with a small range of values and modelling the association between exposure and outcome within each category. The association is allowed to change at the boundaries of the categories at points called knots. The overall model is constrained so that the associations within adjacent categories are similar, to avoid over-fitting and so that the curves meet smoothly without sharp corners. Details of the spline analysis are as follows: the penalised spline model had eight knots with piecewise cubic functions constrained to have approximately three degrees of freedom. The model was adjusted for age and the other covariates described above. We limited the population to 25,999 women with no diagnosis of diabetes and HbA 1c 4.50-7.00% to avoid modelling where data were very sparse. We also performed exploratory analysis of the association of causes of mortality with HbA 1c .
Analyses were conducted using SAS version 8 (SAS Institute, Cary, NC, USA) and S-PLUS version 6.2 (Insightful Corporation, Seattle, WA, USA), and two-sided p values<0.05 were considered statistically significant.
Results
Over a median of 10.2 years of follow-up, 706 women died (2.6% of 27,210 participants), including 608 deaths among women with no history of diabetes and HbA 1c measured in stored erythrocytes <5.60%, 49 deaths among women with no history of diabetes and HbA 1c ≥5.60%, and 49 deaths among women with a history of diabetes at baseline. Women with higher HbA 1c tended to be older, heavier, less likely to engage in frequent strenuous exercise, more likely to smoke, and to have a less favourable lipid profile than those with lower levels (Table 1) .
Among women with HbA 1c <5.60%, the risk of mortality in age-adjusted analyses was 44% higher when comparing women in the highest quintile of HbA 1c with those in the lowest (RR=1.44, 95% CI 1.11-1.88, p value for linear trend=0.02; Table 2 ). Adjustment for strenuous Table 2 . Adjusted for age at baseline in 5 year categories b Adjusted for age at baseline in 5 year categories, strenuous exercise (rarely/never, <1 time/week, 1-3 times/week, ≥4 times/week), postmenopausal hormone use (never, past, current), multivitamin use (never, past, current), smoking status (never, past, current) and BMI (<21, 21-22.9, 23-24.9, 25-26.9, 27-28.9, 29-30.9, ≥31 kg/m 2 ) c Adjusted for age at baseline in 5 year categories, strenuous exercise (rarely/never, <1 time/week, 1-3 times/week, ≥4 times/week), postmenopausal hormone use (never, past, current), multivitamin use (never, past, current), smoking status (never, past, current), BMI (<21, 21-22.9, 23-24.9, 25-26.9, 27-28.9, 29-30.9, ≥31 kg/m 2 ), quintile of triacylglycerol, HDL-cholesterol, LDL-cholesterol, hsCRP and history of hypertension (yes or no) healthy women with HbA 1c 4.50-7.00%, we found that the RR rose slowly below 5.20%, but began rising somewhat more rapidly after that point (Fig. 1 ). The spline model complements our finding that the risk of mortality was elevated among women with HbA 1c 5.19-5.59% and further elevated among women with HbA 1c ≥5.60%. However, a test for deviation from linearity was not significant (p=0.67) and a test for a linear association was statistically significant (p=0.02).
Most deaths among women with no history of diabetes and HbA 1c <5.60% in this cohort were due to cancer (n= 354) and cardiovascular disease (n=111). In exploratory analyses of the cause of death, the risk of cancer death was elevated in the higher two tertiles of HbA 1c , but the elevation was not graded or statistically significant (Table 4) . We did not observe evidence for an association between HbA 1c and cardiovascular mortality in these women. Although RRs comparing extreme HbA 1c tertiles were above 1 for many causes of death, the numbers of cases were small. In contrast, the risk of cardiovascular mortality was elevated in women with no history of diabetes and HbA 1c ≥5.60% (RR=1.84, 95% CI 0.96-3.54) and in women with a diagnosis of diabetes (RR=3.60, 95% CI 1.95-6.65) after controlling for age, lifestyle, and cardiovascular risk factors. The risk of cancer mortality was nonsignificantly elevated in women with no history of diabetes and HbA 1c ≥5.60% (RR=1.48, 95% CI 0.90-2.43) and in women with a diagnosis of diabetes (RR=1.60, 95% CI 0.88-2.89).
Discussion
As expected, after 10 years of follow-up in the Women's Health Study women with a diagnosis of diabetes had a risk of mortality that was more than double that of women with HbA 1c measured in stored erythrocytes <4.8%. Women without a diagnosis of diabetes but with HbA 1c 5.6-6.0%, levels that are often considered normal, had a 54% increased risk of death after controlling for BMI, lifestyle factors and biological correlates of elevated blood glucose. Even apparently healthy women with HbA 1c levels as low as 5.2% appeared to be at increased risk; part of the excess risk was explained by differences in BMI, lifestyle, blood lipids, hypertension and hsCRP. We did not find statistically significant deviations from linearity of the association between HbA 1c and mortality rate, though the data suggest that the risk may increase more rapidly above 5.2%. Although the risk of cardiovascular mortality was increased in women with HbA 1c ≥5.6% and in women with diabetes, we found no clear associations between HbA 1c <5.6% and specific causes of death, possibly because of small numbers.
Compared with other populations in which the association between HbA 1c and mortality has been examined, Women's Health Study participants tended to have lower average HbA 1c levels. This may be attributable to their healthy behaviours and relatively low BMI. However, the potential for degradation of the samples during shipping and storage, which could not be quantified in this study, prevents direct comparison of absolute HbA 1c levels with those in studies that measured HbA 1c in fresh samples.
Investigators for the EPIC (European Prospective Investigation into Cancer)-Norfolk Study reported that the risk of all-cause mortality among women increased by 28% for an increase in HbA 1c of 1%, though the age-adjusted risk did not appear to be elevated below an HbA 1c of 5.5% [5] . In a study combining data from the Hoorn Study and a Finnish cohort of elderly men, an increase of one standard deviation in HbA 1c (∼0.67%) corresponded to a 14% increase in mortality [23] . These studies did not report threshold effects. In a cohort of elderly atomic bomb survivors, participants with HbA 1c 6-6.5% had a 36% greater risk of mortality than those with HbA 1c <5.5%; participants with HbA 1c 5.5-6% did not have an obviously increased risk of death [24] . Investigators for the Rancho San Bernardo Study [38] and an earlier analysis of the Hoorn Study [39] did not find statistically significant associations.
HbA 1c has been associated with cardiovascular mortality rate among women without diabetes in other populations Dashed lines represent the 95% confidence interval. The models were adjusted for age at baseline in 5 year categories, strenuous exercise (rarely/never, <1 time/week, 1-3 times/week, ≥4 times/week), postmenopausal hormone use (never, past, current), multivitamin use (never, past, current), smoking status (never, past, current), BMI (<21, 21-22.9, 23-24.9, 25-26.9, 27-28.9, 29-30.9 , ≥31 kg/m 2 ), selfreported history of hypertension (yes or no), and quintile of triacylglycerol, HDL-cholesterol, LDL-cholesterol and hsCRP [5, 24, 38] . In the present study, women with HbA 1c >5.6% and no previous history of diabetes did appear to be at increased risk, but there was no association evident below this level. These results are consistent with two previous reports from the Women's Health Study in which HbA 1c was not significantly associated with incident cardiovascular disease (including fatal cases of cardiovascular disease) in women without diabetes [18, 22] . There was a suggestion that HbA 1c was associated with cancer mortality, particularly colon cancer, breast cancer and lymphoma/ leukaemia, but the number of cases was small. This is in contrast to the finding from the Women's Health Study that HbA 1c was not associated with incident breast or colon cancer in this population [19, 20] . However, other studies have demonstrated an increased risk of cancer incidence [10, [12] [13] [14] [15] and mortality [11] associated with hyperglycaemia. The associations may be due to direct effects of hyperglycaemia or to other related metabolic perturbations, such as hyperinsulinaemia, that may increase the risk of cancer through direct stimulation of cancerous or precancerous cells or effects on the synthesis and bioavailability of sex hormones [40] . Insulin concentrations were not measured in this population.
The increased risk of mortality associated with HbA 1c in women without self-reported diabetes may be due to their increased risk of developing diabetes during follow-up. However, when participants were censored at the time of diabetes diagnosis, the associations did not change. Although underdiagnosis is a concern, screening rates were high in this population, 85-90% of participants reporting a blood glucose test on the annual questionnaire [34] .
HbA 1c is not currently recommended as a diagnostic or screening test for diabetes [41] and no widely accepted diagnostic criterion for diabetes based on HbA 1c has been developed. As we could not administer an oral glucose tolerance test or a fasting glucose test in this study to distinguish between participants with and without diabetes, for the primary analysis we chose a threshold HbA 1c near the maximum sensitivity and specificity for the diagnosis of diabetes among participants of the Third National Health and Nutrition Examination Survey [29] . Other limitations of this study deserve mention. Approximately 97% of the participants survived the 10 years of follow-up, and the number of deaths provided low power to detect a small to moderate association between HbA 1c and mortality and resulted in wide confidence intervals for the RRs, particularly for specific causes of death. We had a single measurement of HbA 1c for each participant, which may have resulted in misclassification of participants due to random variability in HbA 1c , potentially leading to biased results. The blood samples were shipped to the laboratory on cooling packs by the participants, where they were then stored in liquid nitrogen before analysis, which could have led to sample degradation. Changes in the samples due to shipping and storage could have caused bias in the HbA 1c measurements as well as additional variability. We could not assess the magnitude or direction of bias caused by measuring HbA 1c in stored erythrocytes rather than fresh blood samples. Because this is an observational study, we cannot rule out residual or unmeasured confounding by unmeasured or poorly measured covariates. A major strength of this analysis was the high follow-up rate, limiting the potential for bias due to differential loss to follow-up.
In summary, among apparently healthy women, HbA 1c measured in stored erythrocytes above 5.2% was associated with an increased risk of mortality. While some of the risk may be explained by correlates of HbA 1c , including BMI, blood lipids, hypertension and hsCRP, the increased risk of mortality remained statistically significant among women with HbA 1c 5.6-6.0% and no diagnosis of diabetes after controlling for these factors. These findings add further support to the hypothesis that mild hyperglycaemia, even among those without diabetes, is linked to a higher risk of mortality.
